Airway surface fluids are mainly secreted from submucosal glands (SMGs) and play important roles in the defence of airways via the activation of mucociliary transport. Toll-like receptor 7 (TLR7) recognizes and eliminates single stranded RNA (ssRNA) viruses through the induction of innate immunity. However, there is no obvious connection between TLR7 and mucus secretion, These findings suggest that the activation of TLR7 during viral infections contributes to the rapid attenuation of ACh-induced ionic currents through an increase in SERCA2-dependent Ca 2+ clearance in healthy airway SMG cells. Our study also revealed that TLR7 expression was significantly downregulated in COPD airways. Based on these findings, we speculate that a dysfunction of TLR7 may not only have an adverse effect on the elimination of these viruses but also remove the brake on ACh-induced serous secretion, resulting in prolonged hypersecretion and acting as one of the triggers of COPD exacerbations.
INTRODUCTION
Tracheal submucosal gland (SMG) cells secrete mucin, various enzyme proteins, electrolytes (and therefore water) as a non-specific airway defence mechanism, and some immunoglobulins to neutralize many microbes as a specific airway defence mechanism (Widdicombe & Wine, 2015) . In normal airways, mucin 5AC (MUC5AC) secreted from goblet cells and MUC5B from SMGs are the main mucin glycoproteins.
In addition to these mucins, airway fluids mainly derived from SMGs c 2018 The Authors. Experimental Physiology c 2018 The Physiological Society cooperate in the defensive barrier function and the rheology of airway mucus (Quinton, 1979; Ballard & Spadafora, 2007; Thornton, Rousseau, & McGuckin, 2008) . When it comes to chronic obstructive pulmonary disease (COPD), however, it was reported that MUC5AC is up-regulated in the bronchial SMGs and strongly associated with not only mucus hypersecretion but also lower lung function (Caramori et al., 2009) . Appropriate airway serous secretion plays an important role in hydrating the airway surfaces and flushing mucin glycoproteins out of the ducts, contributing to the maintenance of mucociliary Experimental Physiology. 2018;103:1543-1559.
wileyonlinelibrary.com/journal/ephtransport (Basbaum, Jany, & Finkbeiner, 1990; Fahy & Dickey, 2010; Knowles & Boucher, 2002; Ousingsawat et al., 2009; Lee & Foskett, 2010b Ballard & Inglis, 2004; Widdicombe, Bastacky, Wu, & Lee, 1997) . We have reported that human, feline and swine tracheal SMG cells generate ionic currents in response to relatively low doses of cholinergic stimuli, and these currents are activated by the intracellular calcium concentration ([Ca 2+ ] i ) (Iwase et al., 2002; Murakami et al., 2011; Muramatsu et al., 2013; Sasaki et al., 1994; Sasamori et al., 2004; Tamada et al., 2000 Tamada et al., , 2007 . Generally, physiological low doses of acetylcholine (ACh) cause a transient elevation in [Ca 2+ ] i through Ca 2+ release from the endoplasmic reticulum (ER) via the activation of inositol trisphosphate (IP 3 ) receptors or, in part, ryanodine receptors (RyRs) in exocrine gland cells. Then, in turn, the transient elevation in [Ca 2+ ] i gradually decreases through Ca 2+ uptake into the ER by sarco/endoplasmic reticulum Ca 2+ -ATPase 2 (SERCA2), resulting in the formation of sustained cytosolic Ca 2+ oscillations (Thorn, Lawrie, Smith, Gallacher, & Petersen, 1993; Berridge, 2009; Putney & Bird, 2009 ). As previously reported (Basbaum et al., 1990; Widdicombe & Wine, 2015; Lee & Foskett, 2014; Ballard & Spadafora, 2007) , the Ca 2+ oscillation-dependent ionic currents correspond to serous secretion. The Ca 2+ -activated Cl − channel (CaCC), recently named transmembrane member 16A (TMEM16A), plays an important role in the stimulus-evoked secretion in the airways (Ousingsawat et al., 2009; Lee & Foskett, 2010b . It has been reported that several second messengers, such as tyrosine kinase, cyclic-ADP ribose and cyclic guanosine monophosphate (cGMP), are able to potentiate the Ca 2+ oscillation-dependent ionic currents evoked by low doses of ACh (Iwase et al., 2002; Murakami et al., 2011; Muramatsu et al., 2013; Sasaki et al., 1994; Sasamori et al., 2004; Tamada et al., 2000 Tamada et al., , 2007 .
Toll-like receptors (TLRs) are key proteins that recognize distinct pathogen-associated molecular patterns (PAMPs) and activate innate immune responses as well as antigen-specific adaptive immunity (Akira, Uematsu, & Takeuchi, 2006; Kawai & Akira, 2010) . TLR7 recognizes single stranded RNA (ssRNA) viruses, and these viruses often cause exacerbations of COPD (White, Gompertz, & Stockley, 2003) . For example, both rhinovirus and respiratory syncytial (RS) virus infections are associated with more severe and frequent exacerbations of COPD (Seemungal et al., 2001) . Chronic bronchitis and chronic sputum production are associated with frequent and severe exacerbations of COPD. Although treatment with a TLR7 agonist may have acute therapeutic effects suggested by causing the relaxation of airway smooth muscle cells in experimental asthma (Drake et al., 2013; Kaufman, Fryer, & Jacoby, 2011; Xirakia et al., 2010) , little is known about the direct effects of TLR7 on the AChinduced physiological function of airway SMG cells. Additionally, in severe asthma, it was reported that TLR7 expression is reduced in human alveolar macrophages (AMs) and airway epithelium (AEP) (Rupani et al., 2016; Shikhagaie et al., 2014) . However, little is known about whether TLR7 expression is reduced in the airways of patients with COPD. Here, we investigated the potential role of TLR7 in the ACh-induced physiological function of airway SMG cells and its intracellular mechanism and TLR7 expression in the airways of patients with COPD.
New Findings
• What is the central question of this study?
Does Toll-like receptor 7 (TLR7) have any direct effects on Ca 2+ -dependent physiological function of tracheal submucosal gland cells?
• What is the main finding and its importance?
TLR7 is co-localized with SERCA2 in tracheal submucosal gland cells and causes a rapid attenuation of acetylcholine (ACh)-induced, Ca 2+ -dependent ionic currents through the activation of SERCA2-dependent Ca 2+ clearance.
TLR7 is abundantly expressed in the airways of both swine and healthy human subjects, but is significantly downregulated in chronic obstructive pulmonary disease (COPD) airways. These findings suggest that a dysfunction of TLR7 in COPD removes the brake on ACh-induced serous secretion during viral infections, resulting in prolonged airway hypersecretion, and that it is one of the triggers of COPD exacerbations.
METHODS

Ethical approval
The research conformed to the standards set by the Declaration of 
Preparation of swine tracheal and spleen tissues
Swine tracheas and spleens were obtained at a local slaughterhouse immediately after the animals were killed and were transported to our laboratory in an ice-cold standard extracellular solution. We used four lungs, tracheas and spleens for immunohistochemistry, immunofluorescence staining, western blotting and gene expression analysis.
We used crossbred pigs, LYD (Landrace, Yorkshire and Duroc), aged from 6 to 8 months. The proportions of female and male swine used in the present study were almost even. For immunohistochemical or immunofluorescence staining, both tissue blocks were fixed with 10% buffered formalin and embedded in paraffin wax until use. Swine spleen was used as a positive control in the experiments addressing TLR7 expression.
Preparation of cells
Fresh SMGs were isolated from the swine tracheas and were dispersed enzymatically into single or clustered acinar cells. tracheas were cut into rings 3-4 cm long and, after the surrounding fat, connective tissue and thick smooth muscle layer were removed, the SMGs could then be easily identified under a stereoscopic microscope with the light shed horizontally. The isolated glands were further dispersed enzymatically by incubating them with enzyme solution containing collagenase (200 U ml −1 ) and DL-DTT (0.31 mg ml −1 ) for 30 min at 37 • C. After dispersion and a wash with centrifugation at 180 g, the cells were resuspended in a standard extracellular solution (120 mM NaCl, 4.7 mM, KCl, 1.13 mM MgCl 2 , 1.2 mM CaCl 2 , 10 mM glucose and 10 mM HEPES). We used more than 30 swine tracheas to obtain reliable patch-clamp data and more than 150 swine tracheas for the intracellular calcium assay.
Preparation of human lung tissues
Lung tissues were obtained from patients with and without COPD who had undergone surgery for lung cancer under informed consent.
COPD was diagnosed according to the Global Initiative for Chronic
Obstructive Lung Disease guidelines (The Global Initiative for Chronic
Obstructive Lung Disease, 2017). The segmental and subsegmental bronchi were obtained from the lobe resected at surgery, avoiding areas that involved tumours. SMGs of these parts of the airways were investigated. These airways were obtained from six subjects with COPD and from five subjects without COPD. AEP sections were from 11 subjects with and 12 without COPD (Tables 1, 2) . Each section was from one different subject.
Immunohistochemical staining
Human segmental and subsegmental bronchi, and swine trachea and spleen were used for immunostaining of TLR7, calnexin and SERCA2. were 'ready-to-use' reagents and had already been used in previous reports (Numakura et al., 2017; Onodera et al., 2017) , we used these reagents without dilution according to the manufacturer's protocol.
The diaminobenzidine (DAB) reaction was used to visualize the immunopositive cells, followed by counterstaining with haematoxylin.
Slides were viewed by microscopy (Olympus, Tokyo, Japan) and photographed using a digital camera. For the quantification of TLR7-positive cells in human specimens, immunohistochemically stained images were analysed by HistoQuest software (TissueGnostics, Vienna, Austria) according to previous reports (Glasauer, Sena, Diebold, Mazar, & Chandel, 2014; Zhang et al., 2016 (Toyobo) for 1 h at room temperature. The signals were visualized using the ECL detection system (GE Healthcare, Piscataway, NJ, USA) (Hashimoto et al., 2016) .
Western blotting
Gene expression analysis
Total RNA was isolated from the swine tracheal SMG cells, lung tissue and from swine spleen tissue as a positive control with TRIzol reagent (Invitrogen) and RNeasy Mini kit (Qiagen, Hamburg, Germany). 
Immunofluorescent staining
Fluorescence immunohistochemistry was performed to detect the localization of TLR7, calnexin and SERCA2. Briefly, after fixation with (1:50 dilution, Novus Biologicals) for 60 min at room temperature.
Then, after being washed again, they were incubated with goat anti-mouse IgG conjugated with Dylight 488 (1:50 dilution, Thermo
Fisher Scientific) for 60 min at room temperature and washed again.
Finally, the specimens were stained with Fluoromount-G containing DAPI (Southern Biotech, Birmingham, AL, USA) and evaluated using a multiphoton confocal LSM 780 NLO microscope system (Carl Zeiss, Jena, Germany).
Electrophysiology
Ionic currents were measured according to a standard whole-cell mode patch-clamp technique using a patch-clamp amplifier (EPC9;
HEKA Electronic, Lambrecht/Pfalz, Germany), low-pass filtered at 2.9 kHz, and monitored on both a built-in software oscilloscope The solutions included an extracellular (bath) solution of 120 mM NaCl, 4.7 mM KCl, 1.13 mM MgCl 2 , 1.2 mM CaCl 2 , 10 mM glucose and 10 mM HEPES, and an intracellular (pipette) solution of 120 mM KCl, 1.13 mM MgCl 2 , 0.5 mM EGTA, 1 mM Na2ATP, 10 mM glucose and 10 mM HEPES.
The fluids were superfused over the cells by hydrostatic pressuredriven application (20-30 cmH 2 O) through polyethylene tubes. All solutions were at pH 7.2 and all experiments were carried out at room temperature.
Quantification procedure
The procedure to estimate the ionic responses was also applied in our previous reports (Iwase et al., 2002; Murakami et al., 2011; Muramatsu et al., 2013; Tamada et al., 2000 Tamada et al., , 2007 . We first measured the area circumscribed with the current trace (I o or I i ) and baseline for 20 s (= area under curve (AUC) 20 ) using a digital planimeter (Placom KP-92N; Koizumi, Tokyo, Japan). This area shows the net electric charge movements of 20 s duration in each condition. Next, the mean magnitudes of the ionic currents for 20 s were expressed by the calculation below.
The effect of TLR7 ligand (R837) on the ACh-stimulated response was estimated by comparing just before and after treatment with R837
and is expressed as a percentage of the pretreatment control values.
The effect of thapsigargin (Thap) on the responses induced by both ACh and R837 is expressed as a percentage of I mean (ACh+Thap).
Intracellular calcium assays
Freshly isolated swine tracheal SMG cells were prepared as described 
Statistical analysis
RESULTS
Abundant expression of TLR7 on swine tracheal SMG cells
We first investigated the expression of TLR7 on swine tracheal SMG 
TLR7 ligand inhibits the ACh-induced ionic currents in tracheal SMG cells
Using the patch-clamp technique, we investigated whether the TLR7 ligand R837 has any effects on the ACh (30 nM)-induced ionic currents.
As shown in 48.1 ± 9.4% (354.7 ± 58.7 pQ s −1 for ACh and 189.1 ± 62.7 pQ s −1 for ACh/R837, P < 0.001; n = 9) and to 73.8 ± 9.7% (53.1 ± 10.5 pQ s −1 for ACh and 34.4 ± 8.1 pQ s −1 for ACh/R837, P < 0.05; n = 9), respectively.
These findings suggest that the TLR7 ligand has inhibitory effects on the ionic responses induced by physiologically relevant low doses of ACh (30 nM). 
TLR7 ligands attenuate the transient rises in [Ca
Neither PKA nor cGK is involved in the intracellular mechanisms underlying the TLR7 ligand-induced attenuation in [Ca 2+ ] i
There are some reports suggesting that [Ca 2+ ] i can be upregulated by cAMP/PKA (Foskett, White, Cheung, & Mak, 2007; Lee & Foskett, 2010a or NO/cGMP/cGK (Murakami et al., 2011; Muramatsu et al., 2013; Tamada et al., 2007) Based on the manufacturer's datasheet, it is considered that the IC 50 value for H-89 inhibition of PKA is 135 nM, the K i value for PKI14-22 inhibition of PKA is 36 nM and the IC 50 value for KT5823 inhibition of cGK is 234 nM. As used in previous reports (Murakami et al., 2011; Muramatsu et al., 2013; Tamada et al., 2000 Tamada et al., , 2007 , the selected doses of PKA and cGK inhibitors in our study seem to be supramaximal and high enough to inhibit the target molecules. These 
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Interactions between TLR7 and SERCA2 in swine tracheal SMG acinar cells. (a) Overlap of TLR7 with calnexin, an integral protein of the ER (upper panels), and co-localization of TLR7 with SERCA2 (lower panels). In both sections, the DAB reaction was used to visualize immunopositive cells, followed by counterstaining with hematoxylin (i,vi). Fluorescence images were captured using ×63.3, NA 1.4 objective (pinhole: 1 Airey unit) on a Zeiss confocal microscope (LSM780) (ii-v,vii-x) . TLR7 is stained with goat anti-rabbit IgG conjugated with Dylight 550 (iii,viii, red). ER and SERCA2 are stained using goat anti-mouse IgG conjugated with Dylight 488 (ii,vii, green) . Overlap of TLR7 with calnexin (iv, yellow) and co-localization of TLR7 with SERCA2 (ix, yellow) are shown in merged images. Nuclei were stained with DAPI (v,x, blue). 
TLR7 ligand has antagonistic effects on the thapsigargin-induced inhibition of SERCA2-dependent Ca 2+ clearance
To further confirm the direct effects of TLR7 ligand on the SERCA2-dependent Ca 2+ clearance in tracheal SMG cells, we investigated whether R837 has antagonistic effects on thapsigargin using intracellular calcium assays under Ca 2+ -free extracellular solution. Only 
The expression of TLR7 is downregulated in both airway SMG and epithelium in subjects with COPD
To investigate whether TLR7 is abundantly expressed in COPD airways too, we compared the degree of TLR7 expression between subjects with and without COPD (Tables 1, 2) . We confirmed there were no significant differences between females and males in both the TLR7 mean staining intensity (MSI) ratio and positive cell ratio in AEP (Tables 3, 4) . Concerning SMG, multiple regression analyses were further performed in order to show that sex was not a significant determinant, but the presence of COPD was (Table 5) A previous in vivo study demonstrated that cholinergic agents were much more potent stimulators of gland secretion than were adrenergic agonists, when estimated using hillock formations of a powdered tantalum layer coating the airway surface (Nadel & Davis, 1980 (Rupani et al., 2016; Shikhagaie et al., 2014) . On the other hand, it was reported that active smoking, independent of the COPD stage or smoking duration, reduces TLR3 expression and shows a tendency to reduce the TLR7 expression in human AMs (Todt et al., 2013) . It was also reported that TLR5 expression in AEP is significantly reduced in healthy smokers and smokers with COPD compared to that in healthy non-smokers (Wang et al., 2012) . Based on these findings, we assume that smoking or other unknown stimulations induced by chronic airway inflammation may be involved in the decreased TLR7 expression in the airways of COPD. Further studies will be needed to reveal the precise mechanisms.
To address the importance of TLR7 signalling in the airway SMGs, we demonstrated that two different kinds of TLR7 ligands, R837 and CL246, caused a rapid attenuation in ACh-induced, Ca 2+ -dependent ionic currents in the same way (Figure 3 ). We further demonstrated that neither PKA nor cGK was involved, but SERCA2 was, in the intracellular mechanisms underlying the TLR7 ligand-induced attenuation in [Ca 2+ ] i (Figures 4-6 ). These findings strongly suggest that TLR7 has attenuating effects on the Ca 2+ -dependent physiological function of tracheal SMG cells. Shintani and colleagues reported a very interesting study on the possibility of direct interaction between TLR and SERCA2.
They identified SERCA2 as a protein directly interacting with TLR9 by co-immunoprecipitation, co-localization and proteomics analysis using Correlations were tested using Spearman's test. *p < 0.05 cardiomyocytes (Shintani et al., 2014) . They also showed that, upon interaction with its ligands, TLR9 binds the Ca 2+ pump, reducing its activity and lowering [Ca 2+ ] in the ER lumen. Although the effects of TLR9 on the activity of SERCA2 are different from ours, these findings suggested that an alternative TLR signalling pathway, in addition to the canonical TLR-nuclear factor-B axis, likely exists. In contrast, Larsson and colleagues have recently reported that R837 may induce [Ca 2+ ] i release from ER stores in human airway smooth muscle cells (ASMCs) via a TLR7-independent mechanism (Larsson et al., 2016) . Although we are not fully able to explain this discrepancy, this is probably because our study was performed in a different manner. First, the doses of R837 in our study (1-10 M) were much lower than those in their study (10-100 M). Second, we used isolated tracheal SMG cells, but they used human ASMCs. Third, we confirmed not only R837, but also that a physiologically relevant low dose of CL264, a different kind of TLR7 ligand, also attenuated the [Ca 2+ ] i ( Figure 3A) . Concerning the possibility of non-specific effects by R837, further investigations will be necessary.
Exacerbations of COPD negatively impact the health status, rates of hospitalization and disease progression (The Global Initiative for Chronic Obstructive Lung Disease, 2017). Indeed, long-acting bronchodilators have recently been shown to cause a significant decrease in the COPD exacerbation rate (Tashkin et al., 2008; Vogelmeier et al., 2011; Wedzicha et al., 2016) , but some COPD phenotypes such as chronic bronchitis or excessive sputum production are still associated with frequent and severe exacerbations (Burgel et al., 2009; Crespo-Lessmann et al., 2017; de Oca et al., 2012; Kim et al., 2011; Weatherall et al., 2009) . COPD exacerbations are often triggered by respiratory viral infections including rhinovirus, influenza virus, parainfluenza virus and RS virus (Seemungal et al., 2001; White et al., 2003) . These ssRNA viruses are mainly recognized by TLR7 in innate immune systems (Akira et al., 2006; Kawai & Akira, 2010) .
Such viral infections are likely to predispose to secondary bacterial infections, including Haemophilus influenzae, Streptococcus pneumonia and Pseudomonas aeruginosa (George et al., 2014; Miravitlles et al., 1999; Papi et al., 2006) . Among these bacteria, gram-negative bacteria contain LPS in their cell wall, and Pseudomonas aeruginosa contains flagellin in its flagellum, each of which are recognized by TLR4 and TLR5, respectively (Akira et al., 2006; Kawai & Akira, 2010) . We have reported that both LPS/TLR4 and flagellin/TLR5 signalling potentiate ACh-induced, Ca 2+ -dependent ionic currents in swine tracheal SMG cells and have the ability to cause airway hypersecretion (Murakami et al., 2011; Muramatsu et al., 2013) . In the present study, we first revealed that the activation of TLR7 showed significant inhibitory effects on the ACh-induced, Ca 2+ -dependent ionic currents in freshly isolated tracheal SMG cells. If a dysfunction of TLR7 exists in COPD airways, it may not only have an adverse effect on the elimination of these viruses, but also remove the brake on ACh-induced serous secretion during viral infections. Based on these speculations, we assume that both a dysfunction of TLR7 during primary viral infections and a subsequent activation of TLR4 and/or TLR5 during secondary bacterial infections may cause prolonged airway hypersecretion, resulting in the development of COPD exacerbations. Concerning the involvement of a dysfunction of TLR7 in the pathophysiology of asthma, Hatchwell and colleagues have reported that the suppression of TLR7 that occurs in IL-5-induced lung eosinophilia impairs the interferon responses to rhinovirus, leading to one of the causes of asthma exacerbation (Hatchwell et al., 2015) . Kaiko and colleagues have also reported that TLR7 gene defects and pneumovirus infection interact to establish an aberrant adaptive response that might underlie virus-induced asthma exacerbations in later life (Kaiko et al., 2013) . Furthermore, concerning the possibility of a clinical benefit of using a TLR7 agonist, there are several reports showing that TLR7 agonists cause a relaxation of airway smooth muscle in experimental asthma (Drake et al., 2013; Kaufman et al., 2011; Xirakia et al., 2010) . These reports focus on the importance of TLR7 in virus-induced asthma exacerbations and suggest that improvement of the TLR7 dysfunction could be a new therapeutic target in asthma. These reports are in line with ours.
Further studies are necessary in order to confirm a causal association between the downregulation of TLR7 and COPD exacerbations.
There are several limitations in this study. First, the number of human subjects is relatively small (Figure 7) , because it was difficult to obtain enough human airways. Second, there is a sex discrepancy between subjects with and without COPD ( Table 1) . To fix this problem, we added some analyses showing that there were no significant differences between females and males in the airway cells (Table 3- 5). Third, we do not have any knockdown experiments to confirm the relationship between TLR7 and SERCA more precisely. We used freshly isolated cells, but these cells are very fragile and easily lose their physiological cellular responses within a few hours. Therefore, it would seem to be very difficult to perform knockdown experiments.
However, it could be necessary in the future.
In conclusion, the present study revealed that TLR7 is co-localized with SERCA2 in tracheal SMG cells and causes a rapid attenuation of ACh-induced, Ca 2+ -dependent ionic currents through the activation of SERCA2-dependent Ca 2+ clearance from the cytosol, and that TLR7 is abundantly expressed in healthy airways, but is downregulated in those with COPD. Based on these findings, we speculate that a dysfunction of TLR7 in COPD may remove the brake on ACh-induced serous secretion during viral infections, resulting in prolonged airway hypersecretion, a trigger of COPD exacerbations. We expect that an improvement of TLR7 signalling could be a novel therapeutic candidate for reducing the risk of COPD exacerbations.
